Previous research estimating vowel formant discrimination thresholds in words and sentences has often employed a modified two-alternative-forced-choice (2AFC) task with adaptive tracking. Although this approach has produced stable data, the length and number of experimental sessions, as well as the unnaturalness of the task, limit generalizations of results to ordinary speech communication. In this exploratory study, a typical identification task was used to estimate vowel formant discrimination thresholds. Specifically, a signal detection theory (SDT) approach was used to develop a method to estimate vowel formant discrimination thresholds from a quicker, more natural single-interval classification task. In experiment 1 "classification thresholds" for words in isolation and embedded in sentences were compared to previously collected 2AFC data. Experiment 2 used a within-subjects design to compare thresholds estimated from both classification and 2AFC tasks. Due to instabilities observed in the experiment 1 sentence data, experiment 2 examined only isolated words. Results from these experiments show that for isolated words, thresholds estimated using the classification procedure are comparable to those estimated using the 2AFC task. These results, as well as an analysis of several aspects of the classification procedure, support the viability of this new approach for estimating discrimination thresholds for speech stimuli.
I. INTRODUCTION
Previous work on examining vowel formant discrimination has often employed a modified two alternative forced choice (2AFC) task with an adaptive tracking procedure (Kewley-Port and Watson, 1994; Kewley-Port et al., 1996; Kewley-Port and Zheng, 1999; Kewley-Port, 2001; Liu and Kewley-Port, 2004a) . Establishing thresholds for discriminating formants is important for determining the baseline ability of the auditory system to process small differences between vowels. Results of this research has shown how formant thresholds change when variables such as linguistic context, fundamental frequency, and hearing status were manipulated using a 2AFC task. While this modified 2AFC adaptive tracking task has been successful in estimating stable vowel formant thresholds, repeated stimulus presentations are quite unnatural compared to the single presentation of utterances that occurs in normal communication. Also, the number of trials necessary to obtain stable thresholds is rather large, and consequently listeners have to participate in multiple experimental sessions over the course of several days. Given these drawbacks, the purpose of the current study was to develop a method that used a linguistic labeling task to estimate vowel formant thresholds comparable to those estimated using a modified 2AFC adaptive tracking paradigm.
Although it is a worthy goal to improve experimental procedures for measuring discrimination for any listener, a particular goal in our lab has been to understand vowel processing abilities first in young normal hearing listeners and then to determine how age, hearing impairment, or first language might degrade those abilities. Because the unnatural 2AFC task might limit generalizing laboratory results to more ordinary communication by elderly hearing-impaired (EHI) or second language (L2) learners of English, we were motivated to develop more natural methods for obtaining thresholds. Reviewing some of our research to date, several studies have used 2AFC procedures to document that the ability to process isolated vowels degrades with typical high-frequency sloping hearing loss. In the first study, Coughlin et al., (1998) examined isolated steady-state vowels and found that vowel formant discrimination abilities for low frequency formants (F1) were the same between EHI listeners and young normal-hearing (YNH) listeners, but that thresholds were significantly elevated for high frequency formants (F2). In an effort to relate these thresholds to the identification of vowels, moderate correlations were found between the F2 thresholds and vowel identification by EHI listeners, indicating that there is a relationship between reduced ability to correctly identify vowels and poorer discrimination ability.
In two follow up studies also using isolated steady-state vowels, Richie et al. (2003; reported similar results for young hearing-impaired listeners (YHI) . Given that such vowel stimuli are far different from those found in fluent sentences, new synthesis techniques using STRAIGHT (Kawahara et. al, 1999) were employed by Liu and Kewley-Port (2004a; 2007) to generate nearly natural vowel stimuli for three nine-word sentences. Their study of EHI listeners examined vowel formant discrimination for words in the sentences, as well as computer edited versions that presented only the word or only the isolated vowel from the word. Their results demonstrated a 100% elevation in F2 formant thresholds for EHI compared to YNH listeners for syllables and sentences. Encouraging results using the nearly natural speech stimuli from STRAIGHT led us to another set of experiments examining the relation between vowel thresholds and identification of vowels, this time with second language (L2) learners of American English (AE). Listeners from three L2 languages with different vowel systems heard AE words. Preliminary results reported by Kewley-Port, Bohn, and Nishi (2005) showed little difference between the abilities of L2 and AE listeners to discriminate vowel formants. This is an important outcome suggesting that more peripheral level processing abilities for vowels are not compromised by one's first language. However, outcomes of these L2 experiments, as well as those with EHI listeners, would be much stronger if the experimental tasks were more ecologically valid. The present study had the ambitious goal to design more natural experimental procedures that could be used with many listener populations to determine the just noticeable differences in vowel spectra from a simple identification task (i.e. listen to a word (sentence) once and indicate what word was heard). It should be noted that since the task we have chosen is an identification/classification based approach for threshold estimation, it might not be appropriate for populations where large variability has made connecting identification performance to discrimination performance problematic (e.g. cochlear implant users; Iverson, 2003) .
The task chosen for this study is a single interval, standard classification task using a continuum of stimuli that vary in one speech parameter, here the frequency of one vowel formant. Classification tasks (also called "labeling" or "identification" tasks) have long been used to examine the relation between category boundaries and discrimination in speech continua (e.g. voice onset time (VOT) continua from /ba/-/pa/, Lisker and Abramson, 1970) . Specifically, the prediction of discrimination performance from a classification task is at the core of research and theory concerning categorical perception (Harnad, 1987) . However, there are clear differences between the goals of the current study and those related to categorical perception. For example, categorical perception is concerned with how discrimination performance changes along a classification continuum, especially at the boundary between categories (Repp, 1984) , whereas the current study examines discrimination near a category center. Therefore, although the current study examines discrimination using a classification task, our interest is in determining the just noticeable difference between stimuli in contrast to the categorical perception literature that examines the nature of phonetic categories.
Some categorical perception studies have examined how details of the discrimination task alter the observed discrimination function and, therefore, the relationship between discrimination and predictions from the classification task. For example, if the stimulus properties are more steady state (vowel like) versus rapidly changing (consonant like), observed discrimination functions are more uniform and performance exceeds predicted discrimination (Pisoni, 1973; Mirman et al., 2004) . Also, changes in the discrimination trials from ABX to more sensitive tasks that use less working memory, such as the 4IAX (Pisoni, 1975) or 4I2AFC (Gerrits and Schouten, 2004) tasks, tend to flatten the discrimination function. While some of these issues are certainly related to the present experiments, these tasks all use two or more presentations of the stimuli per trial to measure discrimination. This contrasts with our goal of estimating discrimination thresholds using a single presentation of a stimulus by referencing the underlying psychometric function.
In the current study, principles from "Thurstonan scaling" as implemented in Signal Detection Theory (SDT) (Macmillan & Creelman, p. 155, 2005) are used to find a point on a classification psychometric where thresholds comparable to those found in a 2AFC task can be estimated. Previously established theoretical relationships between performance on a 2AFC adaptive tracking task using a two-down-one-up (2D1U) rules and a two-category classification task (two-category classification is functionally equivalent to a yes/no decision) are used to provide a range of sensible cumulative d′ values for estimating an empirical threshold from the classification psychometric. Thus, two types of experimental tasks were employed in the present study. In experiments 1 and 2 listeners participated in a single interval classification task. In this task, a stimulus was presented, and listeners categorized the stimulus as one of two response categories (possible response sets were bid/bed, cut/cot, and hack/hawk in the experiments reported here). In experiment 2, the same listeners also used a modified 2AFC adaptive tracking task. This modified 2AFC adaptive tracking task had the same format as the one used in the previous discrimination studies cited earlier, in particular Kewley-Port and Watson (1994) . On each trial listeners heard three stimuli. The first stimulus presented on each trial was always the "standard". The second and third intervals contained the standard and test stimuli played in random order. Consequently, the possible stimulus sequences were <STS> and <SST>, where "S" was a fixed standard for each formant continuum, and "T" was the test stimulus. Listeners were asked to decide if the second or third interval contained the test stimulus. Using the typical two-down-one-up (2D1U) adaptive tracking rule (Levitt, 1971) , stable performance was obtained after a large number of trials (here 504 per formant) to measure thresholds from mean reversals.
To generate more natural speech stimuli for the classification task, stimuli were synthesized by using STRAIGHT (Kawahara et al., 1999) . STRAIGHT is a powerful speech analysis routine implemented in MATLAB that allows experimenters to manipulate amplitude, fundamental frequency, temporal relationships, and spectral characteristics of natural speech tokens. When used properly, STRAIGHT results in far more natural sounding speech than can be created with traditional synthesis methods such as the KLTSYN (Klatt, 1980) synthesizer.
Nonetheless, Liu and Kewley-Port (2004b) showed that formant thresholds were very similar when estimated using STRAIGHT-synthesized as compared to formant-synthesized speech for analogous vowel stimuli.
In experiment 1, formant discrimination thresholds for vowels in both isolated words and in sentences were estimated using a classification task and then compared to previously collected 8 2AFC data (Liu and Kewley-Port, 2004a) . As a follow-up, experiment 2 implemented a within subjects design to estimate these thresholds using both a classification and a 2AFC task. Because unstable data were obtained from the sentence stimuli in experiment 1, only isolated words were examined in experiment 2. The isolated word results from the two experiments indicate that there are common processing mechanisms underlying vowel discrimination and classification that allow vowel discrimination performance to be predicted from classification performance.
Furthermore, we present an analysis of the relationship between classification function parameters and estimated thresholds for a particular d′ criterion, along with some suggested guidelines for implementing the proposed formant discrimination threshold estimation method.
II. EXPERIMENT 1
A. Method
Stimuli
The English vowels //, //, //, and /a/ were chosen for investigation. These vowels were examined in several previous discrimination studies ( Kewley-Port and Watson, 1994; KewleyPort et al., 1996; Kewley-Port Zheng, 1999; Kewley-Port, 2001; Liu and Kewley-Port, 2004a) that used stimuli generated with either the Klatt (1980) synthesizer or STRAIGHT (Kawahara et al., 1999) . In this experiment, using STRAIGHT, four seven-step continua were resynthesized from words taken from recordings of a female speaker who read a list of nine-word sentences that had been designed to have relatively neutral prosody. The speaker for this study was the same one used as a model for synthesis in the studies listed above. The sentences were constructed such that the second, fifth, and eighth word positions within the sentence were filled with combinations of words taken from the minimal pairs bid/bed, cut/cot, and hack/hawk.
Listening and acoustic analysis were used to select one prosodically neutral production for each word. Table I contains formant, F0, and vowel duration information for the six selected words.
The words bid and cut were used as base stimuli for resynthesis, while bed and cot were used as reference stimuli for developing classification continua. Hack and hawk were used as fillers in the test sentences. = = = INSERT TABLE I and FIGURE 1 ABOUT HERE = = = Figure 1 contains a graphical representation of the parameters modified in STRAIGHT across the four classification continua. In each continuum, as in the previous vowel formant discrimination studies cited earlier, a single formant was shifted in equal steps in Hz while all other acoustic properties were held constant. The direction and magnitude of the formant shifts were determined by informal listening such that the base stimuli bid and cut would be wellidentified as bed and cot respectively for the maximum shift. One strategy was to shift formants to more extreme values than observed in the reference stimuli. Also, to obtain high quality F2 stimuli, F1 was shifted to a somewhat ambiguous value before F2 was shifted. Because the original bid token had a relatively high F0, bid/bed tokens had F0 lowered by 10% in STRAIGHT's F0 resynthesis routine. To neutralize the duration difference between cut and cot, duration was lengthened by 20% for the base cut stimulus.
The procedure for shifting formant frequencies was a very similar version of the routine employed by Liu & Kewley-Port (2004a) . First, a matrix in MATLAB representing the spectrogram (row = frequency; columns = time; matrix entries = amplitude) of the base word was obtained by STRAIGHT (Kawahara et al., 1999) . Second, to shift a formant peak, the temporal onset and offset of the formant (including transitions) was visually identified. Third, in each time frame (i.e. one spectrum), the bottom of the valleys on either side of the formant peak was selected. Amplitude in the valley opposite of where the formant was shifted was adjusted to be a constant level that was equal to the bottom of the valley, while the shifted peak replaced the remaining spectral values. In most cases, the shift did not result in changes to other formants. A rule was employed where the shifted and original amplitude values were compared, and whichever was larger was retained. This resulted in formants being smoothly merged with one another when shifted to close proximity. Thus, detail in the formant peaks was preserved in this procedure, with the valleys only somewhat changed. At last, this modified matrix was reloaded into STRAIGHT, and when necessary, other acoustic modifications such as F0 lowering and temporal expansion were simultaneously implemented (for more details on formant peak shifting, see Liu and Kewley-Port (2004b) and their Fig. 1 ).
Sentence stimuli were created by digitally inserting words into the low-predictability sentence frame "Write ______ along with ______ but not ______ please", which was the same frame that was used to elicit the words in during recording. Depending on the continuum that was being tested (bid/bed or cut/cot), the other positions were filled with a word from the pair hack/hawk and either bid/bed or cut/cot. All non-shifted words in the sentence were processed by STRAIGHT with no parameter changes such that the acoustic quality introduced by the STRAIGHT resynthesis was similar for all words tested.
Listeners
Indiana University students with normal speech and hearing by self report were paid for their participation in the present study. Of the 35 students tested, data from three listeners (two bid/bed F2, and one cut/cot F2) were excluded because the listeners had near chance identification of the isolated word endpoint stimuli.
Procedures
Stimuli were presented to the right ears of listeners, who were seated in a sound-treated IAC booth, via TDH-39 earphones. Stimulus presentation was controlled by TDT System II modules including a 16 bit D/A converter, a programmable filter, and a headphone buffer. A low-pass filter with a cutoff frequency of 4500 Hz, and an attenuation level set by the calibration procedure, was loaded into the programmable filter. The standard vowel // was iterated to a duration of 3 s and used for calibration. The sound-pressure level for the test stimuli measured in a NBS-9A 6-c 3 coupler by a Larson-Davis sound meter (model 2800) using the linear setting was adjusted to be 70 dB SPL, with variation between stimuli from the same continuum less than 1.1 dB SPL.
Listeners were randomly assigned to four groups containing eight listeners each. Each group was exposed to stimuli from only one of the generated continua in both word and sentence conditions (i.e. either F1 shifted bid/bed, F1 shifted cut/cot, F2 shifted bid/bed, or F2 shifted cut/cot). Four types of blocks were run: word familiarization, word classification, sentence familiarization, and sentence classification. In each of these tasks, listeners were asked to indicate what word they heard. For isolated words, the possibilities were either bid/bed or cut/cot, depending on experimental group. For sentences, there were three words identified from the pairs bid/bed , cut/cot , and hack/hawk in each sentence. In the word familiarization blocks, listeners were exposed to the continuum endpoints in an alternating fashion for 12 trials with feedback for the correct response. In sentence familiarization, listeners heard the nine-word sentence, after which six response buttons appeared containing the words hack, hawk, cut, cot, bid, and bed. The order of presentation of the buttons matched the order of presentation of the word pairs in the sentence. Six sentences with continuum endpoints were used in the familiarization with feedback provided by the experimenter. The word and sentence classification blocks were similar to their familiarization counterparts, except that all seven stimuli from the continuum were presented multiple times in a random order, without feedback.
In the word classification blocks, each stimulus was played nine times, resulting in 63 trials per block. The sentence classification blocks presented each stimulus twice in each sentence position, resulting in 42 trials per block.
Each subject participated in a single experimental session using a fixed protocol of block order. The number of blocks to approximate stable classification performance was determined from pilot experiments. Thus, altogether, four word familiarization, one sentence familiarization, four word classification, and six sentence classification blocks were presented. The session lasted a total of 75 -90 minutes, depending on a listener's response latency. The last two word classification blocks and last three sentence classification blocks were used for analysis.
B. Results

Raw labeling functions
The results for each subject were calculated as proportion of bed or cot responses 
Threshold calculation method
For discrimination, the concept of a "threshold" is the smallest amount of difference between two sounds that can be reliably detected. In most previous experiments reported by Kewley-Port and her colleagues (Kewley-Port and Watson, 1994; Liu and Kewley-Port, 2004a) , vowel formant thresholds were measured as •F in Hz using a two-down, one-up (2D1U) rule in a modified 2AFC adaptive tracking paradigm. These 2AFC thresholds were calculated from average reversals along a stimulus continuum. Mathematically, this corresponds to the 70.7%
correct point on a psychometric function plotted between 50% chance and 100% (Levitt, 1971) .
In this paper, the term "classification threshold" is used to indicate estimations of discrimination thresholds obtained from the classification task. A difference between thresholds obtained from 2AFC adaptive tracking and classification tasks is that the psychometric function ranges from 50 -100% in a 2AFC task as compared to 0 -100% in a classification task. The goal of the present research was to establish a method to calculate a classification threshold that corresponds well to the 70.7% threshold criterion in a 2AFC discrimination task. This was approached using a signal detection theory (SDT) implementation of Thurstonian scaling for one-dimensional classification tasks (Macmillan and Creelman, 2005, pp. 114 -119) . In this approach, a threshold criterion in terms of cumulative d′ (measured from a classification continuum endpoint) is selected. Then, an empirical threshold is calculated by locating the point on the classification psychometric that corresponds to the chosen cumulative d′ criterion. In principle, the choice of the criterion used to calculate the empirical threshold is arbitrary, although the threshold criteria used in the current experiments were selected with the goal of obtaining results comparable to previoiusly reported vowel formant discrimination thresholds for young normal hearing listeners (Liu & Kewley-Port, 2004a ).
The following method was used in the current experiments for deriving an estimation of a discrimination threshold from a two-category classification task (i.e. a classification threshold). It should be noted that this method assumes that the endpoints of the classification continua were well-identified by a majority of listeners. First, using a least squares method, a logistic function (see Eq. 1) was fit to the labeling data,
where A and K are model parameters representing the 50% point and slope of the function respectively, and s is the stimulus number (in the current experiment s ranged from 1 to 7). Next, the value for s threshold resulting in z(p(s)) -z(p(1)) = D is determined, where z is the inverse of the normal distribution function, and D is the d′ value chosen for estimating the empirical threshold (a discussion of the D used in the current experiments appears below). Using the known step size in Hz between stimuli, and assuming that the range for s begins at 1, •F is calculated using Eq.
2.
•F = (s threshold -1) * step size
This value, •F, is the classification threshold calculated separately for each listener in each condition.
Because the choice of the cumulative d′ criterion (i.e. D) associated with a threshold in a one-dimensional classification task is arbitrary, choosing D depends on the goals of the experiment. In the current experiments, the goal was to have the classification thresholds be comparable to those measured in a modified 2AFC adaptive tracking task. Two options presented themselves. One possibility was to collect classification data and then in a post hoc analysis determine a value for D which would maximize the correspondence in performance between two tasks. Given the relatively small amount of previous data available, this approach was not pursued. Therefore, we chose a second option, which was to use previously established mathematical relationships between our types of tasks (Macmillan and Creelman, 2005) in an effort to derive a set of candidate values for D, and to then determine which of these D-values produced the best overall correspondence between the two tasks. In particular, d′ conversions between 2AFC, yes/no, and "reminder" discrimination tasks were selected.
Because a traditional 2AFC adaptive tracking paradigm using a 2D1U rule estimates thresholds at the 70.7% level on the psychometric function, the d′ between the 50% chance and 70.7% threshold level was used as the "basic" choice for D (D basic = z(.71) -z(.5) = 0.553).
However, SDT also derives a relationship between 2AFC and yes/no tasks (we note that our twocategory classification task is functionally equivalent to a yes/no task; i.e. a bid/bed decision could be interpreted as either bid or not bid). In a 2AFC task, d′ is sqrt(2) times that of a yes/no task (Macmillan and Creelman, 2005, pp. 166 -168) . Experiment 2 used a modified 2AFC task with the standard stimulus appearing in the first interval on every trial (<STS> and <SST> were the only possible stimulus sequences). One plausible strategy for listeners would be to ignore the third interval and simply attend to the stimuli in the first and second intervals respectively, since these two intervals contain enough information to make the discrimination decision (<ST> = test stimulus in 2 nd interval; <SS> = test stimulus in 3 rd interval). This strategy is equivalent to interpreting the modified 2AFC task as a "reminder paradigm", where if the listener uses a "differencing" strategy as defined by Macmillan and Creelman (2005, pp. 180 -181) , the d′ for the 2AFC task would be 1/sqrt (2) times that of a yes/no task. Thus the third cumulative d'criterion is D remind =D basic * sqrt (2) It is important to note that the possible relationships between the classification and modified 2AFC tasks were used only as a guide in selecting D. The d′ relationship between 2AFC, Y/N, and "reminder" tasks discussed by Macmillan and Creelman is in the context of discrimination experiments using identical stimulus sets. More specifically, our experiments differ in two fundamental aspects:
1. One of our tasks was a two-category classification task.
2. The tasks being compared have different stimulus sets.
Because of these two major differences, it is not clear that previously established relationships between d′ in these tasks should hold in our application. We argue, however, that because the current study is exploratory in nature, the above conversion factors suggest a reasonable range
for possible values for D.
Thresholds for words and sentences
Logistic functions were fit to all raw data functions and •F thresholds (see eq. 1) were calculated for D = 0.783 in Excel using the method described above. Calculated threshold averages and standard deviations for each formant in both the word and sentence conditions are given in Table II . Given the small number of listeners, as well as the unequal variance for word and sentence conditions, a non-parametric Sign Test (two-tailed) was used to examine separately for each formant whether the word and sentence thresholds within subjects were significantly different. Differences were not found for bid/bed F1 (p < .29) or F2 (p < .73); however, a statistically significant difference was observed for cut/cot F1 (p < .01) and F2 (p < .01). For both cut/cot F1 and F2, every subject had a higher threshold in the sentence task as compared to the word task. As expected, thresholds for words in sentences were equal to or greater than those for words in isolation. 
Positional effects within sentences
Differences in endpoint categorization performance and estimated thresholds (Table II) between the word and sentence conditions using cut/cot stimuli seemed to indicate that some property of the sentence frame was influencing categorization responses, and consequently estimated thresholds. This contrasts with Liu & Kewley-Port (2004a) where no significant difference in performance was found between the word and sentence conditions. However, in the current study, striking differences for some individual listeners were observed.
Based on the results of Liu & Kewley-Port (2004a) where differences in word position did not significantly affect formant thresholds, by design our identification functions in the sentence condition were originally pooled across the three positions in the sentence frame.
However, given the apparent differences between word and sentence conditions in this experiment, the sentence data were further analyzed by sentence position. This analysis using data from the last five of the six sentence blocks revealed one extreme example of position effects (listener F1_22). When cut/cot stimuli were placed in the final sentence position, F1_22
exhibited a complete identification function reversal. Stimuli that were identified as "cut" in initial and medial sentence positions were labeled as "cot" when presented in the final sentence position, and vice-versa.
Although F1_22 represents the most dramatic case observed among all participants, a visual inspection of the raw position function across all listeners suggests that stimulus location within sentences had at least a moderate effect on the identification functions of 19 of the other 31 participants. It has been shown that the phonetic content of immediately adjacent segments can shift vowel perception (Holt, Lotto, & Kluender, 2000) . In our results we see a long-distance effect where segments in neighboring words appear to substantially influence categorization. We hypothesize that the likely source of interference is the naturally produced vowel /a/ in the word not that appears before the final test position in the frame sentence; however, pursuing this question is beyond the scope of this paper. Consequently, estimating discrimination thresholds using the sentence classification task we designed does not appear to be a viable approach at this time. However, it should be noted that these context effects are not applicable to the isolated word stimuli.
Properties of classification threshold estimation procedure
In this section, a preliminary analysis of the general properties of the classification threshold estimation procedure is presented, with design elements and results from the word condition of experiment 1 used to illustrate these general properties. Basic guidelines for designing classification experiments that obtain reliable, stable thresholds are discussed, as well as the generalizability of the procedure. Finally, the success of experiment 1 is evaluated in light of this analysis.
3.a. General properties
Based on the description of the threshold estimation method in the results section of experiment 1, there are three primary factors that affect values calculated for classification thresholds: parameters of the fitted identification function, cumulative d' criterion (D), and step size between stimuli. In the following analysis, the parameters of the logistic function (eq. 1) fit in experiment 1 are discussed. These parameters are easily interpretable, namely A is the 50% point of the function and K is a measure of slope (values close to zero result in steep slopes). It should be noted that the threshold estimation method is general enough that other functions (e.g. Although these contour plots were created using a specific set experiment parameters, two general observations concerning the threshold estimation method can be made. First, in some regions of the contour plots there is a non-linear relationship between logistic parameters and estimated thresholds. In particular, when the 50% point of the psychometric occurs early in the function (A < 2), or when the slope is extremely steep (K < .1) or shallow (K > 2), the relatively flat portions of the contours indicate that the location of the 50% point has little to no effect on the estimated threshold. there is a fixed underlying probability distribution for perceiving stimuli along a continuum.
Thus, assuming listener bias remains constant, a reasonable hypothesis is that listener responses will adjust to different step sizes, resulting in sets of logistic parameters that give comparable thresholds using our methods. While research is needed in order to verify this hypothesis, the following example demonstrates that the hypothesis is reasonable. Suppose two continua testing the same formant were created from the same initial vowel with step sizes of 32.33 Hz and 39.97
Hz respectively (these are the same step sizes for the bid/bed and cut/cot F1 panels in Fig. 5 ). All things being equal, if the same listener were tested on both continua with different step sizes, the slope of the psychometric function for the continuum with a step size of 39.97 Hz should be steeper than the continuum with a step size of 32.33 Hz. Also, because the continua had the same initial vowel, the 50% level of the continuum with the 39.97 Hz steps should be shifted leftward.
Thus, the resulting thresholds should be nearly the same even when the physical step size differs.
3.b. Guidelines for experimental design
The threshold contours of Fig. 5 have implications for experimental designs using the new threshold estimation method. Although the contour plots span a large range of A and K parameters, it appears that the range of parameters that should be considered acceptable is much smaller due to the nonlinearities in the threshold contours. In the case of a seven-step stimulus continuum as was used in experiment 1, the black box (2 ≤ A ≤ 6; .2 ≤ K ≤ 1) in Fig. 5 represents the set of (A,K) parameter pairs that result in well-behaved threshold contours. This region also corresponds to the set of (A,K) parameter pairs that one would expect from a well-designed twocategory identification task. Thus, the black box in Fig. 5 can be used as a post-hoc evaluation for the appropriateness of classification thresholds estimated from a seven-step continuum.
3.c. Generalizability
Although the above analysis and plots in Fig. 5 illustrate results from a seven-step continuum, preliminary examinations of the threshold contour space suggest that the threshold estimation method may be applicable to continua containing 5 to 20 stimuli. In these cases, the range of A parameters contained within the black box would need to be adjusted; however, the K range should remain fixed. Also, the nature of the classification task suggests that the proposed estimation method may be used for estimating thresholds from any type of stimulus continuum that is designed to span two distinct categories, not just speech. For example, in vision research, thresholds for color categories could be examined. Obviously, further research is needed to examine either the effect of different numbers of steps, or the application of the method to other stimuli.
One inherent limitation imposed by using any classification task is that only primary acoustic cues for a contrast can be studied in isolation (e.g. F1 or a complex cue such as VOT).
This requirement arises out of the fact that different levels of the cue chosen for study must be capable of causing listener's judgments of category membership to reliably shift. Consequently, this method would not be appropriate for estimating F3 or F4 discrimination thresholds.
However, the method would still be applicable if one wanted to pursue "multidimensional discrimination thresholds" where multiple primary and secondary cues are covaried in a single classification continuum as is typical with complex cues such as VOT. Thus a future study of thresholds for vowels where F1 and F2 covary is in line with our goal of developing a more ecologically valid approach to formant discrimination.
3.d Relation to traditional classification measures and predictions of discrimination from classificaiton
With respect to classification tasks, the 50% point on the psychometric function is typically the focus of study; however, the proposed threshold estimation method instead focuses on the endpoints of the psychometric. In order to test whether or not the thresholds estimated in experiment 1 are substantially different from the 50% point, a correlational analysis between estimated thresholds and the location of the 50% point was performed. First, a Bark scale transform was applied to the data so that all four formants could be included in the same analysis (Kewley-Port and Zheng, 1998) . A very small correlation was found (r = -0.107), indicating that classification thresholds are not directly related to the more traditional 50% boundary.
With respect to predicting discrimination performance from a classification task, the slopes of psychometric functions have previously been related to peaks in ABX discrimination functions (Repp, 1984) . We note that the current approach incorporates more information in the determination of a discrimination threshold than previous approaches, because it takes into account both the slope of the psychometric and the location of the 50% crossover point. Below, in experiment 2, it is demonstrated that these two traditional measures of boundary performance (psychometric slope and 50% crossover point) can be successfully used to estimate withincategory (i.e. non-boundary) discrimination thresholds.
3.e. Evaluation of experiment 1
In the four panels of Fig 
III. EXPERIMENT 2
Given that classification thresholds for words (but not sentences) appear reliable, the purpose of experiment 2 was to directly compare, using a within subjects design, formant thresholds estimated from a classification task with those calculated using a modified 2AFC adaptive tracking procedure. The motivation for using a within subjects design was threefold.
First, the within subjects design permitted an evaluation of the three cumulative d' criteria discussed earlier (D basic , D Y/N , and D remind ). Second, lingering questions remained concerning the comparability of thresholds estimated using the two methods given the numerous differences in experimental variables between Liu and Kewley-Port (2004a) and experiment 1 (i.e. number of subjects, base stimuli for resynthesis, etc…). Third, because of the large variability observed in experiment 1, we wanted to examine the degree to which performance on the two tasks corresponded within individual listeners.
Stimuli
For the classification portion of experiment 2, the continua developed in experiment 1 were used, allowing for replication of the results from experiment 1. The continua used in experiment 1 needed to be changed for use in a 2AFC adaptive tracking task because the step size between stimuli was too large. Therefore, four modified formant shifted continua were created for the 2AFC task using the same formant shifting methods employed in experiment 1.
Similar to Liu & Kewley-Port (2004a) , each continua contained 15 stimuli (including the "standard"), and step sizes between stimuli were kept between 0.7% and 1% of the formant frequency of the standard stimulus. For each continuum, the standard was identical to the initial point of the corresponding continuum in the classification task. The specific step sizes for each 2AFC continuum were chosen such that some of the points from the classification continua would be contained in the 2AFC continua. Table III contains the formant frequencies for each standard, as well as the step sizes for each continuum.
= = = INSERT TABLE III ABOUT HERE = = =
Listeners
Eleven Indiana University students with normal speech and hearing by self report were paid for their participation in the present study. Three listeners did not finish the study due to scheduling difficulties and personal choice. Consequently, their data was excluded.
Procedure
Each listener participated in five experimental sessions that were completed within three weeks of the initial session. The first two sessions contained classification blocks, and the last three sessions contained 2AFC blocks. Calibration procedures were the same for experiment 2 as experiment 1.
3.a. Classification task
In experiment 1, listeners were exposed to only one of the four stimulus continua.
However, in experiment 2, each listener made classification judgments on all four word continua.
For each continuum, two word familiarization and four word classification blocks described in experiment 1 were presented in a fixed order. Two continua were assigned in a quasi-random way for each experimental session. Two blocks with the same target words could not occur on the same test day (i.e. bid/bed F1 and F2 could not be presented the same day). Also, each day had to contain one set of F1 blocks and one set of F2 blocks. With these restrictions, a unique continuum ordering was possible for each of the eight listeners.
Each experimental session during the classification portion of the experiment lasted .5 -.75 h (depending on a listener's response latency). Data for estimating thresholds were typically taken from the last two blocks; however, in cases where one of the last two blocks was substantially different than the other, an earlier, similar block was used for analysis.
3.b. 2AFC task
The trials for the four vowel formants (F1 and F2 for both // and //) were randomly presented within each block (i.e. under medium stimulus uncertainty). The modified 2AFC
paradigm of Kewley-Port & Watson (1994) that was described in the introduction was employed.
Each experimental session lasted .75-1 h with 96 trials in each block. Seven blocks per session were administered for three experimental sessions (N = 21 blocks).
•F for each listener was averaged from the mean reversals over the last four blocks in which performance was judged as stable by visual inspection. In order to quantify the best match for these three values of D, the 2AFC results were used as the expected value and sums of squares of the differences were calculated across the four formants.
B. Results
Effect of different cumulative d′ criteria
For the F1 stimuli, D basic was the best fit, while D remind was the closest match for the F2 stimuli.
Summing the squared differences across all for formants, D remind provided the best overall match, and therefore was used for reporting classification thresholds in experiments 1 and 2. Although this analysis is limited in scope, note that the values of D selected for study appear to bracket a reasonable range of values. = = = INSERT FIGURE 6 ABOUT HERE = = =
Classification and 2AFC tasks
In the classification task, raw labeling functions were similar to those observed in experiment 1. Individual thresholds for •F were estimated from logistic functions as described in experiment 1 and are displayed in Fig. 4 (squares) and Table IV.   = = = INSERT TABLE IV ABOUT HERE = = =
The average thresholds for the classification and 2AFC tasks were remarkably similar ( Fig. 6 and Table IV) . Using a repeated measures ANOVA, a significant main effect for formant was found (F(3,18) = 55.232, p < .001), but not for task (F(1,6) = .838, p = .395) or for the task × formant interaction (F(3,18) = .290, p = .832). This significant effect of formant is consistent with previous observations that •F increases as formant frequency increases (Kewley-Port & Watson, 1994) . The non-significant effect of task indicated that the null hypothesis of no difference between the tasks could not be rejected.
Threshold estimates within individual listeners
The similarity of the group results does not indicate the relation between classification and 2AFC thresholds within individual listeners. To determine whether the quicker, more natural classification task is tapping into the same underlying discrimination process as a 2AFC task, several analyses were performed.
First, a Spearman rank order correlation coefficient was used to determine if performance for listeners was ordered from best to worst similarly in the two tasks. Data for //-F1 and //-F1 conditions were excluded because variability in thresholds for the classification task appeared too small (s.d. ≤ 5.5 Hz, Table IV indicating that individual thresholds were on average slightly lower for the 2AFC than the classification task as hypothesized. While -0.063 barks is small in relation to the 0.10 bark threshold for vowels tested under optimal listening conditions (Kewley-Port and Zheng, 1999; Liu and Kewley-Port, 2004a) , the standard deviation of 0.163 is somewhat high.
Overall, there are several ways in which the 2AFC and classification thresholds were comparable. The group thresholds were very similar with a tendency for classification thresholds to be higher. Although some listeners performed similarly on the two tasks, generally, individual listener thresholds were not ordered similarly from best to worst in the two tasks. Apparently listeners in the two procedures are influenced by separate factors that can result in large differences in individual performance. Thus while classification thresholds cannot be considered a substitute for 2AFC thresholds for a given individual, because classification thresholds were shown to be reliable in their own right (see section C. 1. below), it is reasonable to suggest they would be useful as a performance measure in studies of individual differences.
C. Discussion of experiment 2
Reliability of word classification thresholds in experiments 1 and 2
Although some of the details of the experiment 2 protocol were different than experiment 1, the word stimuli that were used for the classification portion were identical to those used in the word condition of experiment 1. Therefore, the reliability of thresholds shown in Fig. 4 can be examined between listener groups. Using two-tailed t-tests assuming equal variance (N = 8), no statistically significant differences were found between experiments 1 and 2 for any of the formants: bid/bed F1 (p = .811), cut/cot F1 (p = .813), cut/cot F2 (p = .877), and bid/bed F2 (p = .088). We note that variance was high and thresholds were not as stable for //-F2. Overall, classification thresholds for words appear reliable across the two different experimental groups.
Comparison of 2AFC thresholds with previous research
Given the difference in number of listeners per vowel formant between experiment 2 (N = 8) and Liu & Kewley-Port (2004a) 
IV. SUMMARY AND CONCLUSIONS
A novel method for estimating discrimination thresholds from a classification task that are comparable to those obtained using a modified 2AFC adaptive tracking task was proposed using principles of Thurstonian scaling as implemented in SDT. In experiment 1, this method was tested using words both in isolation and in sentence context. F1 and F2 thresholds for two vowel continua (// to // and // to /a/) in a classification task were examined, and results
showed that:
• For isolated words classification thresholds for three of the four formants tested were statistically similar to those from an earlier 2AFC task (Liu and Kewley-Port, 2004a ).
• In the sentence context, only two of the four classification thresholds were statistically similar to thresholds reported from a 2AFC task (Liu and Kewley-Port, 2004a ).
• The sentence context exhibited strong effects on vowel classification, especially for the //-/a/ continua.
The implication of this final point is that while the goal of developing more natural methods for estimating discrimination performance in isolated words was met, an extension of these methods to sentences was not successful. However, in light of the promising results for classification thresholds for words, an analysis of the properties of the threshold estimation method was presented, and general guidelines for the use of this method were proposed. While the simpler, more natural classification task together with reasonably natural word length stimuli should provide ecologically valid methods for examining vowel perception in general, it may be particularly useful for use with EHI and L2 listeners, although this should experimentally established first.
In experiment 2, the goal was to further explore the relationship between thresholds estimated from classification and 2AFC adaptive tracking tasks by using a within subjects design. Given the strong effect the sentence context had in experiment 1, the scope of experiment 2 was restricted to vowel classification in isolated words. The same stimuli from experiment 1 were used for the classification task in experiment 2, and continua for the 2AFC task had additional stimuli resulting in smaller steps between the stimuli used in experiment 1. Results from experiment 2 showed that:
• The best match between thresholds estimated using the two tasks was found using a cumulative d′ criterion (D) of 0.783, which corresponded to interpreting the modified 2AFC task as a "reminder design" in which listeners employed a "differencing" strategy.
• Thresholds were reliable across different groups of listeners; i.e. thresholds estimated in experiment 2 were comparable to those observed in experiment 1.
• At the group level, no statistical differences were observed between thresholds estimated using the two tasks.
• At the individual level, thresholds estimated using the two tasks were not significantly different; however, rank order correlation results suggested that individual differences between listeners influenced performance on the two tasks.
• Differences between thresholds reported in the current study and those reported in a previous study are probably related to differences in the acoustic properties of the base stimuli used to generate the continua in each study.
In summary, this study described a quicker, simpler threshold estimation method that appears to provide a reasonable approximation of thresholds estimated using a 2AFC adaptive tracking task. Given that the proposed method is much more natural for speech stimuli, and that the amount of listening time required to obtain stable thresholds is substantially less than a 2AFC task, estimating discrimination thresholds from a classification task appears to be a useful option.
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